Group A Streptococcus is a common pathogen that causes pharyngitis, impetigo, myositis, and lethal streptococcal toxic shock syndrome. Streptococcal pyrogenic exotoxin B (SPE B) is strongly associated with the severity of disease. SPE B is a cysteine protease and matures itself by autocatalysis. We found that SPE B was directly associated with human S-adenosylhomocysteine hydrolase (AdoHcyase), an essential factor for a delayed-type immune response. AdoHcyase protein levels and enzymatic activities were significantly higher in human cells infected with the Streptococcus pyogenes SW510 speB mutant strain than in cells infected with the NZ131 wild-type strain. SPE B also inactivated AdoHcyase, shown by a decrease in homocysteine, the main product of AdoHcyase. We found that in vivo and in vitro, SPE B induced hypermethioninemia, which is caused by an AdoHcyase defect. We also found that AdoHcyase is a substrate of SPE B cysteine protease. SPE B, therefore, potentially causes immunosuppression by cleaving AdoHcyase.
Group A Streptococcus (GAS) infection is an invasive type of streptococcal infection. It is caused by Streptococcus pyogenes, which causes symptoms from mild pharyngitis to acute rheumatic fever and lethal streptococcal toxic shock syndrome [1] . GAS contains various virulence factors that facilitate its infection and dissemination [2, 3] . The M protein, which extends from the bacterial cell membrane, facilitates attachment to host cells [4, 5] . It also inhibits opsonization via the alternative complement pathway by binding to host complement regulators, thereby shielding the pathogen from surveillance by the host's immune system [6] . The hyaluronic acid capsule inhibits phagocytosis by host macrophages [7] . Other extracellular products, such as pyrogenic toxins, streptokinase, streptodornase, and streptolysins, are also important for bacterial dissemination [3] .
S. pyogenes infects hosts by a number of paths: nasal, pharyngeal, and dermal [3] . Different S. pyogenes strains likely exhibit different preferential entry sites in hosts, because the bacteria contain virulence factors responsible for specifically recognizing and attaching to host tissues [3] . The streptococcal pyrogenic exotoxins stimulate T cells by binding directly to major histocompatibility complex class II molecules, which causes a massive and detrimental cytokine release [8] . The exotoxinproducing strains have been associated with a toxic shock-like syndrome and other forms of invasive disease that cause severe tissue destruction [9] .
Streptococcal pyrogenic endotoxin B (SPE B) is an important streptococcal pyrogenic exotoxin in GAS infection. It is strongly associated with disease severity because of its proteolytic activities [10] . Through autocatalytic cleavage, SPE B matures itself into an active cysteine protease, degrades extracellular matrix proteins fibronectin and vitronectin, and increases bacterial attachment to host cells [11, 12] . It cleaves and activates matrix metalloproteases 2 and 9, which increase bacterial dissemination [13] . It also causes severe inflamma-tion in the host by activating interleukin 1␤ [14] . In addition to its ability to cleave host proteins, SPE B exerts proteolytic activity on streptococcal surface proteins, including IgG-binding proteins, thereby avoiding complement activation [15] . It also inhibits the phagocytic activity of macrophages, but it is not clear what mechanism it uses to do this [16, 17] .
The homocysteine biochemical cycle is important in immune responses [18] . The enzyme S-adenosylhomocysteine hydrolase (AdoHcyase) is an important target for immunosuppressive therapy in many diseases [18] . B lymphocyte activation depends on transmethylation reactions [19] , which are primarily catalyzed by S-adenosylmethionine-dependent methyltransferases that convert S-adenosylmethionine to S-adenosylhomocysteine, the substrate of AdoHcyase [20] . Inhibiting AdoHcyase causes the upstream molecules S-adenosylhomocysteine and S-adenosylmethionine to accumulate, which inhibits transmethylation reactions and results in immunosuppression [21] [22] [23] .
In this study, we screened for the human proteins associated with SPE B and explored their functional relation to the pathogenesis of GAS infection, especially with respect to the impairment of host immunity. We found that SPE B interacted directly with human AdoHcyase, the key enzyme in homocysteine metabolism. Using interactive as well as functional studies, we identified human AdoHcyase as a novel host substrate for SPE B cysteine protease.
MATERIALS AND METHODS
Bacterial strains, cell lines, and mice. The GAS M49 bacterial strain NZ131 was used for in vitro cell culture as well as in vivo mouse studies. SW510, the isogenic speB null strain, was constructed in our previous study [24] . Human kidney fibroblast 293T cells were used for in vitro cell culture studies. GAS bacteria were grown in trypticase soy broth-yeast (TSBY) bacterial medium (3% trypticase soy broth and 3% yeast extract) and maintained in regular Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (Gibco BRL). The cells were grown at 37°C with 5% CO 2. BALB/c mice were given standard laboratory chow and water ad libitum in the animal facility of National Cheng Kung University Medical Center. The mice were raised and cared for according to the guidelines set up by the National Science Council, Taiwan.
Yeast 2-hybrid assays. The spe B (C192S) gene was polymerase chain reaction (PCR) amplified from GAS wild-type A20 strain and cloned into yeast 2-hybrid bait plasmid pGBKT7 (BD Clontech), which contains the Gal4 DNA-binding domain and was tagged with a c-Myc epitope. The spe B (C192S)/pGKBT7 was then transformed into AH109 yeast strain (MATa, 112, gal4, gal80 [25] , and then grown in selective quadruple dropout media [25] . The expression of SPE B (C192S) protein in yeast was detected by using Western blot analysis with the anti-c-Myc antibody (Santa Cruz Biotechnology). To screen for the SPE B-interacting proteins in humans, we large-scale transformed the human yeast 2-hybrid testis cDNA library in pACT2 (BD Clontech), which contains the Gal4 activation domain, into AH109 cells containing the SPE B bait plasmid. We used the HIS3 gene, controlled by Gal4 promoter, as the primary screening marker for protein-protein interactions. The HIS3 ϩ yeast colonies were then lifted onto Whatman 3MM filter paper, lysed using repeated freeze-thaw procedures in liquid nitrogen, and then immersed in X-gal substrate (0.42 mg/mL in Z buffer [60 mmol/L Na 2 HPO 4 , 40 mmol/L NaH 2 PO 4 , 10 mmol/L KCl, 1 mmol/L MgSO 4 {pH 7.0}]) overnight. The next day, we further analyzed the blue colonies, which contained the human protein interacting with SPE B (C192S).
We isolated the positive plasmids from yeast cells by electroporating yeast DNA into DH5␣ Escherichia coli and selected ampicillin-resistant colonies for plasmid isolation [25] . We grouped the plasmids using restriction mapping and then fulllength sequenced them. We used NCBI Blast Search to identify the genes in the resulting DNA sequences.
GAS infection. We incubated NZ131 (wild type) and SW510 (spe B) bacteria overnight, then washed them twice with PBS (pH 7.4) and resuspended them to an optical density of 600 (OD 600 ϭ 1(4 ϫ 10 8 cfu/mL)). For in vitro infection models, the human 293T cells were first washed twice with PBS (pH 7.4) and then resuspended in DMEM without fetal bovine serum. The bacterial suspensions were mixed with human cells at an MOI of 100 and then incubated at 37°C for 90 min [11] . After they had been infected by the bacteria, the 293T cells were washed with PBS, resuspended in DMEM supplemented with penicillin G (10 g/mL) and gentamycin (200 g/mL), and then incubated at 37°C for 90 min to kill the bacteria outside the human cells. To evaluate the bacterial infection efficiencies, we serially diluted and plated the 293T cells infected with GAS on TSBY bacterial plates for bacterial colony counting.
Protein-protein association analyzed by using a sepharose affinity column. Approximately 700 g of the human 293T cell-free extracts in RIPA buffer (50 mmol/L Tris-HCl [pH 7.5], 150 mmol/L NaCl, 10 mmol/L EDTA, 1% NP-40, 0.1% SDS, 1 mmol/L PMSF and 1ϫ protease inhibitor cocktail [Roche]) were mixed with 100 L of cyanogen bromide-activated sepharose beads (Pharmacia Biotech) preimmobilized with the 42-kDa premature form of recombinant SPE B (C192S) protein [26] . The protein-bead complexes were thoroughly washed with 10 mmol/L Tris-HCl (pH 7.0) and then eluted by boiling them for 5 min in SDS-PAGE loading buffer (0.3 mol/L Tris-HCl [pH 6.8], 0.6 mol/L dithiothreitol, 12% SDS, 60% glycerol, and 0.6% bromophenol blue). Using western blot analysis with human anti-AdoHcyase antibody (Novus), we analyzed how much AdoHcyase the eluates contained.
AdoHcyase RT-PCR. We used a reagent (REzol; Protech) to extract RNA from both GAS-infected and mock-treated 293T cells. The reverse transcription reaction was done at 37°C for 90 min in a mixture of cellular RNA (1 mg), random hexamer (0.5 mg), 2 mmol/L of each dNTP, RNase inhibitor (0.6 mL) (Takara), Tris-
, and Moloney murine leukemia virus reverse transcriptase (200 units) [27] . The PCR primers for the AdoHcyase gene were as follows: forward, 5'-ATGTCTGAC-AAACTGCCCT-3', and reverse: 5'-CTGCGGCTTGGCGTTCAC-CTT-3'. For the ␤-actin gene, the PCR primers were as folows: forward, 5'-ATCATGTTTGAGACCTTCAA-3', and reverse, 5'-CATCTCTTGCTCGAAGTCCA-3'.
The PCR reactions were done in the following order: 94°C for 10 min, then 35 cycles (␤-actin, 26 cycles) with each cycle of 94°C for 60 s, 54°C for 45 s, and 72°C for 120 s. Finally, the PCR products were incubated at 72°C for 10 min and then examined using agarose gel electrophoresis.
Measuring homocysteine. The human 293T cells were infected with NZ131 (wild type) or SW510 (spe B) at an MOI of 100 for 90 min in DMEM culture medium. After they had been infected, the cell media were centrifuged to remove cell debris and bacteria outside the 293T cells. The media were tested for homocysteine levels using a homocysteine EIA kit (Axis-Shield AS). We put 25 L of cell culture medium or plasma from mice infected with GAS into the reaction chamber, in which dithiothreitol reduced the protein-bound forms of homocysteine to the free form. AdoHcyase converted the homocysteine to S-adenosyl-L-homocysteine, which was then quantified using solid-phase EIA analysis. We used an ELISA reader (Tecan Sunrise) to detect homocysteine concentrations at an absorbance of 450 nm. Homocysteine concentrations were calculated using a standard curve made from a number of homocysteine samples at known concentrations.
Measuring methionine. We analyzed methionine in samples using a modification of a method described elsewhere [28] . In brief, a single 0.33-mm (1/16-inch) disk, which contained approximately 7.6 L of mouse blood, was punched from dried blood specimens into a 96-well microtiter plate (Evergreen Scientific) on a number 505H rack. Two hundred microliters of internal working solution, which contained internal amino acid standards in 50% methanol, was added to each well. The racks were gently shaken on an orbital shaker for 20 min. One hundred microliters of extract was transferred to a clean microtiter plate and then dried by using a nitrogen evaporator (EvapArray; Jones Chromatography). Eighty microliters of derivatization reagent (3 N HCl in n-butanol) was added to each well, which was then covered, heated to 60°C for exactly 15 min, and then dried. One hundred microliters of a 1:1 (by volume) solution of acetonitrile-deionized water containing 0.2 mL/L of formic acid was added to each well, which was then sealed with a 96-well plate cover (Micromat; Sun Brokers) and analyzed using liquid chromatography and tandem mass spectrometry (API 2000; Applied Biosystems). Concentrations of the methionine were calculated against its deuterated internal standard.
Recombinant AdoHcyase expression and purification. The full-length AdoHcyase gene was PCR-amplified from the human SD) . B, Homocysteine levels in plasma of mice infected with S. pyogenes NZ131 (wild type) and SW510 (speB ) strains. C, Methionine levels in the blood of mice infected with S. pyogenes NZ131 (wild type) and SW510 (speB ) strains. **P Ͻ .05.
293T cells, using the forward primer AGTGCGAATTCCATGTCT-GACAAACTGCCCT and the reverse primer CCTGGCTCGAGG-TAGCGGTAGTGATCCG. The PCR product was cloned into the bacterial pET21b vector and tagged with 6 histidines at the C-terminus. The E. coli Rosetta (DE) pLys strain that contained the AdoHcyase construct was grown at 37°C in M9 growth medium (48 mmol/L Na 2 HPO 4 , 22 mmol/L KH 2 PO 4 , 9 mmol/L NaCl, 17 mmol/L NH 4 Cl, 2 mmol/L MgSO 4 , 0.1 mmol/L CaCl 2 , and 0.4% glucose) and then treated with 0.5 mmol/L of isopropyl-1-thio-␤-D-galactopyranoside at 30°C for 90 min to induce the expression of AdoHcyase. The cells were transferred to lysis buffer (20 mmol/L Tris-HCl and 200 mmol/L NaCl [pH 8.0]) and then lysed by using liquid shear and a French press. The bacterial lysates were then centrifuged at 15,000 g for 30 min. The protein supernatants were collected and analyzed using 12% SDS-PAGE and then Coomassie blue staining. The recombinant AdoHcyase protein was purified using Ni 2ϩ -chelating chromatography (Amersham Pharmacia) with a gradient of 0 to 300 mmol/L imidazole. The protein eluates were concentrated by using an ultrafiltration membrane with a 10-kDa cutoff (Amicon) and then exchanged with PBS (pH 7.4). The proteins were then further purified using BioGel P-30 gel filtration chromatography (136 ϫ 1.2 cm; bed volume, 135 mL) with phosphate-buffered saline (pH 7.4) as the elution buffer. The protein fractions were collected at a flow rate of 3 mL/h. The fractions were stored at Ϫ80°C until use.
In vitro SPE B cleavage assay. Ten micrograms of the purified recombinant AdoHcyase protein was mixed with 0.1 g of recombinant SPE B (42 kDa) [26] in a 100:1 ratio in the presence of PBS (pH 7.4) with 5 mmol/L EDTA and 5 mmol/L of dithiothreitol. The reaction was incubated at 37°C for the designated time intervals (range, 0 -24 h). The solution was then mixed with SDS-PAGE-loading dye and heated at 100°C for 10 min. The proteins were analyzed using 12% SDS-PAGE and then Coomassie blue staining.
AdoHcyase activity. The human 293T cells were infected with NZ131 (wild-type) or SW510 (speB) strains at an MOI of 100 for 90 min. After the cells had been infected with GAS, approximately 700 g of cell lysates were mixed with 100 mM of S-adenosyl-L-homocysteine (Sigma) and 4 units of adenosine deaminase (Sigma) in the presence of reaction buffer (10 mmol/L NaH 2 PO 4 /Na 2 HPO 4 and 1 mmol/L EDTA, [pH 7.4]) and incubated at 37°C for 30 min. In the reaction, the AdoHcyase in the samples hydrolyzed S-adenosyl-Lhomocysteine substrate into S-ribosylhomocysteine and adenine, which was further hydrolyzed into hypoxanthine and ammonia by adenine deaminase. The residual S-adenosyl-Lhomocysteine was quantitated using reverse-phase highperformance liquid chromatography (Beckman) and a 254-nm UV detector. The AdoHcyase activities in the samples were calculated using S-adenosyl-L-homocysteine standards with known concentrations.
Infecting mice with GAS. Thirty 8-week-old BALB/c mice were infected with NZ131 (wild type) or SW510 (speB mutant) strains using the protocol previously described [12] . The mice were anesthetized by ether inhalation and then subcutaneously injected with 2 mL of air to form an air pouch. A bacterial suspension from an overnight liquid culture was diluted to 10 9 cfu/mL in PBS (pH 7.4); 0.3 mL of the diluted liquid was inoculated into the air pouch. Twenty-four hours after the infection, the mice were euthanized with ether and all of their blood was collected from the heart. To quantify the live bacteria in vivo, 2 mL of PBS was injected into the air pouch, suctioned back, and then plated on TSBY plates for bacterial counting.
RESULTS

Direct interaction of SPE B with AdoHcyase.
We did yeast 2-hybrid screening assays to screen for the human proteins associated with SPE B. To prevent SPE B from cleaving the substrates and causing enzyme-substrate dissociation, and to avoid the potential toxic effects of SPE B on yeast cells, we used SPE B C192S, the enzymatically inactive mutant of SPE B, as the screening bait. We found that AdoHcyase interacted with SPE B ( figure 1A) . To confirm that this interaction occurs in human cells, the 293T cell-free extracts were subjected to the sepharose 4B column immobilized with the recombinant SPE B protein.
The AdoHcyase in cell-free extracts bound to the sepharose beads that had been immobilized with SPE B, but not to the beads that had not been immobilized with SPE B, indicating that SPE B directly interacts with human AdoHcyase in vivo ( figure 1B) .
Defects in AdoHcyase activities caused by SPE B. Using reverse transcriptase (RT)-PCR and Western blot analysis, we found that the levels of AdoHcyase mRNA and protein were lower in cells infected with the wild-type NZ131 strain than in those infected with the isogenic speB null strain SW510 ( figure  1C ). In addition, the wild-type S. pyogenes strains, but not the speB mutant, impaired AdoHcyase enzymatic activity, which hydrolyzes S-adenosylhomocysteine to S-adenosine and homocysteine ( figure 1D ). These findings suggested that SPE B cleaves AdoHcyase and thus impairs its enzymatic activity.
In the cell growth media of the human 293T cells infected with the S. pyogenes wild-type NZ131 strain, the level of homocysteine, the major product of AdoHcyase, was dramatically lower (P Ͻ .05) than that in the media of cells infected with the SW510 speB mutant strain (figure 2A). For mice infected with the wild type NZ131 strain, the homocysteine levels in plasma were dramatically lower (P Ͻ .05) than those in mice infected with the speB mutant SW510 strain (figure 2B). Although the bacterial infection in the mice induced mild hemolysis, which caused minor false-positive absorbances in the EIA assays, the homocysteine levels in plasma from NZ131-infected and SW510-infected mice were significantly different. This indicated that SPE B impaired AdoHcyase function and reduced homocysteine levels.
The defect in AdoHcyase activity caused its substrate S-adenosylhomocysteine and the upstream molecule methionine to accumulate in cells. Using tandem mass spectrometry analysis, we found higher blood methionine levels in mice infected with the wild-type NZ131 strain, compared with levels in the mice infected with the speB mutant SW510 strain ( figure 2C ). These findings indicated that SPE B did indeed inhibit the enzymatic activity of AdoHcyase in vitro and in vivo.
AdoHcyase as a substrate for SPE B cysteine protease. We hypothesized that the SPE B cysteine protease cleaves AdoHcyase and inactivates it. Recombinant AdoHcyase was overexpressed in E. coli and purified to near homogeneity ( figure 3A) . The AdoHcyase was mixed with recombinant SPE B in a ratio of 100:1 for in vitro cleavage assays. We found that the full-length AdoHcyase was cleaved within 30 min after adding SPE B. And within 210 min, the AdoHcyase was nonspecifically degraded, whereas reactions with AdoHcyase or SPE B alone kept the full-length respective proteins (figure 3B). These data indicated that SPE B cleaved AdoHcyase and ultimately caused its degradation.
DISCUSSION
In this study, we elaborated the pathogen-host interaction of the S. pyogenes exotoxin SPE B. We found that SPE B directly interacted with and cleaved human AdoHcyase. SPE B clearly affected the activities and levels of AdoHcyase in vitro in cell cultures as well as in vivo in animal studies. AdoHcyase is an enzyme essential for nucleic acid biosynthesis [23] . It has also long been recognized as a target molecule for immunosuppressive drugs [22] . Therefore, SPE B is assumed to suppress host immune surveillance and facilitate bacterial dissemination by cleaving AdoHcyase. Taking the findings of the present study and previous studies together, we developed a model to graph the effects of SPE B on host AdoHcyase (figure 4). SPE B is either released from the GAS that enter the host cells or enters the cells via the receptor [29, 30] . On entering the host cells, SPE B interacts with and cleaves AdoHcyase, destroying its enzymatic activity. The loss of AdoHcyase activity downregulates homocysteine levels and causes the substrate S-adenosylhomocysteine, and its precursors, S-adenosylmethionine and methionine, to accumulate in cells.
AdoHcyase controls intracellular levels of S-adenosylhomocysteine and regulates protein and nucleic acid methylation processes [23] . The potent AdoHcyase inhibitors 3-deazaadenosine (DZA) and DZ2002 specifically bind to AdoHcyase, resulting in the accumulation of S-adenosylhomocysteine and S-adenosylmethionine [22, 31] . Through this process, it inhibits lymphocytemediated cytolysis, tumor necrosis factor ␣ expression, and all immunosuppressive and anti-inflammatory effects [32] . Based on these findings, we believe that when SPE B cleaves AdoHcyase, it causes DZA-like effects and attenuates host immune functions.
It is not clear whether hypohomocysteinemia and hypermethioninemia, caused by defects in AdoHcyase activity, affect the progression of S. pyogenes infection. Homocysteine is an important product in de novo amino acid and nucleotide synthesis. It is, however, well known that hyperhomocysteinemia is associated with inflammation and immune activation [33] . Therefore, we suggest that the decrease in homocysteine levels at the initial stage of bacterial infection suppresses immune activation and helps bacterial survival. In addition, SPE B and another GAS exotoxin, IdeS, cleave and degrade immunoglobulins extracellularly, via their cysteine protease activities, to block the host's innate immune response from phagocytosing the GAS [34, 35] . Through these processes, these exotoxins facilitate GAS invasion and augment the severity of symptoms.
GAS causes a wide spectrum of symptoms in various host organ systems [1, 3] . It is now believed that through differential interactions with different host proteins or receptors in various tissues, GAS triggers a distinct development of symptoms [36, 37] . It was recently found that the patterns of virulence-gene expression differed between biofilm and tissue communities of Streptococcus pyogenes [38] . Therefore, to identify the pathogenhost relationships in various tissues, genomewide transcriptomic or proteomic analysis in each affected tissue is necessary.
In conclusion, this study identified a new SPE B-host protein interaction using a yeast 2-hybrid screening assay, a well established proteomic approach. Our findings in this study revealed that SPE B cleaves AdoHcyase and potentially blocks a delayedtype immune response. These findings provide an additional molecular mechanism by which SPE B inhibits the immune activation of host cells. We believe that more such studies will greatly improve our understanding of the pathogenesis of GAS infection in different host tissues.
